ABSTRACT Thrombospondin, a major glycoprotein released from a granules of thrombin-stimulated platelets, is a disulfidebonded trimer of 160-kilodalton subunits. Cultured human foreskin and fetal lung fibroblasts secreted thrombospondin (determined by enzyme-linked immunosorbent assay) into the culture medium in a time-dependent manner (15.7 and 5.8 Thrombospondin is a major platelet a granule glycoprotein that is secreted and then partially bound to platelet membranes when human platelets aggregate in response to thrombin (1) (2) (3) (4) (5) (6) (7) (8) . Thrombospondin is a 450-kilodalton (kDal) protein and is composed of three large disulfide-linked subunits (9, 10). During platelet aggregation, thrombin-stimulated platelets develop a membrane-bound lectin-like activity (11-13), which originates from a granules and appears to play a role in mediating platelet aggregation by binding to a specific receptor on other platelets (14, 15 3.7 X 10'°Bq). The radioactive postculture medium was removed, centrifuged at 8,000 x g for 2 min to remove cells and debris, and frozen at -35°C. The radioactive cell layers were washed twice, removed with a rubber policeman, pelleted by centrifugation, dissolved by boiling for 5 min in 2% NaDodSO4 containing protease inhibitors as described (20) , and frozen until analyzed.
broblast postculture medium and from cell layers with rabbit polyclonal or mouse monoclonal anti-thrombospondin coupled to staphylococcal protein A-Sepharose. The immunologically isolated [3H]thrombospondin migrated in NaDodSO4/polyacrylamide gels with purified marker platelet thrombospondin both with and without reduction. Immunofluorescence microscopy using rabbit polyclonal and mouse monoclonal anti-thrombospondin antibodies localized thrombospondin to the fibrillar extracellular matrix surrounding the cells. Thus, cultured human fibroblasts secrete thrombospondin and incorporate it into the extracellular matrix.
Thrombospondin is a major platelet a granule glycoprotein that is secreted and then partially bound to platelet membranes when human platelets aggregate in response to thrombin (1) (2) (3) (4) (5) (6) (7) (8) .
Thrombospondin is a 450-kilodalton (kDal) protein and is composed of three large disulfide-linked subunits (9, 10) . During platelet aggregation, thrombin-stimulated platelets develop a membrane-bound lectin-like activity (11) (12) (13) , which originates from a granules and appears to play a role in mediating platelet aggregation by binding to a specific receptor on other platelets (14, 15) . Recent evidence suggests that thrombospondin is the "endogenous lectin" of human platelets (16) . Thrombospondin preadsorbed to ex vivo polymeric shunts causes rapid binding and activation of platelets on the polymeric surface (17) .
Cultured human and bovine endothelial cells have recently been shown to synthesize and secrete thrombospondin (18) (19) (20) . This finding raised the question of whether thrombospondin, like factor VIII/von Willebrand factor, is specific for platelets and endothelial cells or, like fibronectin, is synthesized by a wide variety of cell types. Fibroblasts are known to synthesize a multimeric, disulfide-bonded protein composed of 170-kDal subunits that has a rapid turnover, is protease sensitive, and is found in the extracellular matrix of confluent cells (21) (22) (23) (24) 199 and 20% human serum by using methods and materials previously described (25, 26) .
Radioactively labeled proteins synthesized by confluent fibroblasts were prepared by incubating washed 75-cm2 cell monolayers for 24 hr at 37°C in 10 ml of leucine-free minimal essential medium containing 20% rabbit serum, Trasylol at 50 units/ml, and 200 ACi of L-[3,4,5-3H]leucine (110 Ci/mmol, New England Nuclear; 1 Ci = 3.7 X 10'°Bq). The radioactive postculture medium was removed, centrifuged at 8,000 x g for 2 min to remove cells and debris, and frozen at -35°C. The radioactive cell layers were washed twice, removed with a rubber policeman, pelleted by centrifugation, dissolved by boiling for 5 min in 2% NaDodSO4 containing protease inhibitors as described (20) , and frozen until analyzed.
In experiments in which the accumulation of thrombospondin antigen was measured by enzyme-linked immunosorbent assay (ELISA), fibroblasts were cultured in minimal essential medium containing 20% rabbit serum in 2-cm2 wells of multiwell plates. When the cells were confluent, the cells were washed, and the medium was replaced with 1 ml of fresh minimal essential medium containing 20% rabbit serum. At various times after the medium change, the postculture medium was removed, centrifuged at 8,000 X g for 2 Preparation of Thrombospondin and Rabbit Polyclonal Anti-Thrombospondin Antibodies. Human platelet thrombospondin and rabbit polyclonal anti-thrombospondin were prepared as described (20) .
Production of Monoclonal Mouse Hybridoma Antibodies to Platelet Thrombospondin. Details of antibody production and characterization will be described in more detail elsewhere. Briefly, a BALB/c X C mouse was immunized intraperitoneally with human platelet thrombospondin over a 3-month period, splenocytes were fused with P3-Nsl-AG4 mouse myeloma cells, hybrids were cultured in selective medium, and cells producing anti-thrombospondin (as determined by an ELISA, see below) were subeloned twice (27) Isolation and Analysis of Radioactively Labeled Fibroblast Proteins. 3H-Labeled thrombospondin was isolated from radiolabeled cells and postculture medium by batch immunoadsorption with rabbit anti-thrombospondin as described ("immunoisolation") (20) . When these techniques were used with the mouse anti-thrombospondin ascites fluid, the mouse antithrombospondin was coupled to staphylococcal protein A-Sepharose 4B beads that had previously reacted with rabbit antimouse IgG. Immunoisolated labeled proteins with and without reduction were analyzed by polyacrylamide gel electrophoresis in NaDodSO4 in tube gels containing 3% acrylamide and 0.5% agarose (20) . Molecular weights were estimated by using factor VIII (200,000), myosin (200,000), j3-galactosidase (116,300), phosphorylase a (92,500), human serum albumin (65,000), and ovalbumin (45,000) as size markers. Anti-ovalbumin used as a control and rabbit anti-mouse IgG used to couple the mouse anti-thrombospondin to protein A-Sepharose were obtained from Cappel Laboratories.
RESULTS
Time Course of Secretion of Thrombospondin. An ELISA using a mouse monoclonal anti-thrombospondin antibody was developed to quantitate secreted thrombospondin. The ELISA did not recognize the rabbit thrombospondin present in the rabbit serum in the preculture medium but did recognize thrombospondin secreted by both human foreskin fibroblasts and human endothelial cells (Fig. 1) . The inhibition curves for purified platelet thrombospondin, fibroblast postculture medium, and endothelial cell postculture medium were all parallel, suggesting that the antigenic sites recognized by the mouse monoclonal anti-thrombospondin were the same in all three samples.
Human foreskin fibroblasts secreted thrombospondin into the postculture medium in a time-dependent manner; synthesis and secretion were blocked by cycloheximide (Table 1) . Human Immunoisolation of Thrombospondin from Fibroblast Postculture Medium and Cell Layers. When rabbit polyclonal antithrombospondin serum coupled to protein A-Sepharose was allowed to react with [3H]leucine-labeled postculture medium from human foreskin fibroblasts, the anti-thrombospondin specifically immunoisolated a 3H-labeled protein that migrated in NaDodSO4/polyacrylamide gel electrophoresis with purified platelet thrombospondin both with and without reduction (Fig.  2 a and b) . No labeled proteins were specifically isolated in control experiments with anti-ovalbumin. The 3H-labeled peak immunoisolated from human foreskin fibroblast postculture medium had a molecular weight of158,000 ± 4,100 (mean ± SEM, n = 7) when analyzed by NaDodSO4/polyacrylamide gel electrophoresis after reduction. When mouse monoclonal antithrombospondin coupled to protein A-Sepharose with rabbit anti-mouse IgG was allowed to react with [3H]leucine-labeled human foreskin fibroblast postculture medium, similar results were obtained (Fig. 2c ). 24 hr after the beginning of the chase.
In addition, by using the same techniques, 3H-labeled peaks migrating with marker thrombospondin both with and without reduction were specifically isolated from radiolabeled postculture media and cell layers-obtained from human fetal skin and fetal lung fibroblasts (data not shown).
Immunofluorescence Studies. In order to morphologically localize the thrombospondin in the cell layer, immunofluorescence studies were performed on human foreskin and fetal lung fibroblasts at various times after subculture. When confluent cultures of human fetal lung fibroblasts cultured in medium containing fetal calf serum were fixed in formaldehyde and stained with mouse monoclonal anti-thrombospondin, fibrillar meshworks of extracellular fibrils surrounding the cells were brightly stained (Fig. 4 a and b) . In addition, a punctate staining pattern was also observed. A similar fibrillar staining pattern was seen with mouse monoclonal anti-fibronectin (Fig. 4 c and  d) . When fibroblasts were fixed with formaldehyde and extracted with acetone, more ofthe brightly fluorescent punctate staining was present in cells stained with anti-thrombospondin. Isolated matrices prepared by extraction of cell layers with 1% deoxycholate (23) 
DISCUSSION
The studies reported here demonstrate that cultured human fibroblasts synthesize thrombospondin, secrete it into the culture medium, and incorporate it into the extracellular matrix. Proteins with similar characteristics have been noted by other workers but never specifically identified. Ruoslahti et al. showed that chicken skin fibroblasts possess a protease-sensitive surface antigen with a size after reduction of 145 kDal (21). Alitalo et aL (22) demonstrated that HT-1080 human sarcoma cells secrete a protein that is a disulfide-bonded multimer of 160-kDal subunits and resists digestion with bacterial collagenase. Carter and Hakamori (23) showed that human and guinea pig fibroblasts synthesize a 170-kDal glycoprotein (GP170) that forms disulfide-linked multimers and is present in the extracellular matrix. Carter has estimated that the half-life of GP170 in the extracellular matrix of fetal lung fibroblasts is 5 hr (24) . Because thrombospondin is a glycoprotein and a disulfidebonded trimer of 160-kDal subunits (9, 10) , it is likely that some of these proteins are thrombospondin.
The incorporation by fibroblasts of thrombospondin into extracellular matrix is reminiscent of fibronectin matrix development (28 (1983) not fibronectin because absorption of the mouse monoclonal anti-thrombospondin with fibronectin did not diminish the immunofluorescence staining, whereas staining was abolished by absorption with thrombospondin. Serum fibronectin in culture media can be incorporated into extracellular matrix (29) . Because the fibroblasts in some immunofluorescence experiments were cultured in media containing fetal calf serum and the mouse monoclonal anti-thrombospondin antibodies crossreact with bovine thrombospondin, some ofthe immunofluorescence seen in these experiments may have been due to bovine thrombospondin incorporated into extracellular matrix. However, we obtained similar results with fibroblasts cultured in media containing rabbit serum. Because mouse monoclonal anti-thrombospondin antibody does not crossreact with the thrombospondin present in rabbit serum (Fig. 1) , at least some of the thrombospondin in the extracellular matrix must be derived from endogenously synthesized thrombospondin. The demonstration that fibroblasts incubated with [3H]leucine for 24 hr and then chased for 1-24 hr with medium containing unlabeled leucine contain immunoisolatable cellular [3H]thrombospondin supports our conclusion. In a recent abstract, Lawler et aL (30) reported that chicken embryo fibroblasts grown in fetal calf serum contained thrombospondin in a fibrillar network revealed by immunofluorescence microscopy with anti-human thrombospondin.
Although the functions of thrombospondin synthesized by fibroblasts are presently unclear, it seems worthwhile to compare thrombospondin to fibronectin and laminin, two other glycoproteins secreted by cultured fibroblasts and incorporated into extracellular matrix. Thrombospondin and fibronectin are both present in a fibrillar extracellular matrix (Fig. 4) ; thrombospondin is also present in punctate structures. Because fibronectin codistributes with laminin, collagen, and heparan sulfate proteoglycan when extracellular matrix is examined by immunofluorescence microscopy (31) (32) (33) (34) , thrombospondin may also codistribute with these proteins. Thrombospondin, laminin, and fibronectin all interact with heparin (9, 28, 35) . In addition, the binding of fibronectin to collagen is enhanced by glycosaminoglycans, and the complexes formed by these interactions are insoluble (36) (37) (38) . Also, fibronectin crosslinks to sulfated proteoglycans on cell surfaces (39) and thrombospondin interacts with fibronectin (40) . It is thus likely that thrombospondin may interact with these components on the cell surface or extracellular matrix. Thrombospondin, like cellular fibronectin, has lectin-like activity (16, 41) , and fibronectin and laminin both enhance cell adhesion and spreading (28, 42) . Thrombospondin also causes rapid binding and spreading of platelets when it is adsorbed to biomaterials (17) . Thus, thrombospondin is similar to fibronectin and laminin in several respects and, like these two proteins, may have a role in the formation and organization of the extracellular matrix and in cell-cell and cellmatrix interactions.
